Abstract: High-elevation tropical glaciers provide records of past climate from which current changes can be assessed. Comparisons among three ice-core records from tropical mountains on opposite sides of the Pacific Ocean reveal how climatic events are linked through large-scale processes such as El Niño-Southern Oscillation. Two distinctive trans-Pacific events in the midfourteenth and late-eighteenth centuries are distinguished by elevated aerosol concentrations in cores from the Peruvian Andes and the Tibetan Himalaya. Today aerosol sources for these areas are enhanced by droughts accompanying El Niños. In both locations, large-scale atmospheric circulation supports aerosol transport from likely source regions. Oxygen isotopic ratios from the ice cores are significantly linked with tropical Pacific sea-surface temperatures, especially in the NIÑO3.4 region. The arid periods in the fourteenth and eighteenth centuries reflect droughts that were possibly connected to strong and/or persistent El Niño conditions and Intertropical Convergence Zone migration. These 'black swans' are contemporaneous with climate-related population disruptions. Recent warming, particularly at high elevations, is posing a threat to tropical glaciers, many of which have been retreating at unprecedented rates over the last several thousand years. The diminishing ice in these alpine regions endangers water resources for populations in South Asia and South America.
Tropical ice fields are sensitive indicators and recorders of climate changes, and cores drilled from the glaciers, ice caps and ice sheets throughout the world offer unique records of climatic and environmental change over a wide range of temporal and spatial scales. Ice preserves records of regional-to global-scale temperature, precipitation, atmospheric circulation and atmospheric chemistry. With some exceptions, ice-core records from outside the polar regions are of relatively short duration (<12 ka); however, they are of very high (seasonal to decadal) resolution and are therefore capable of preserving evidence of abrupt climatic events which are of vital importance to human populations. In order to capture the complex variability that occurs in the tropical climate system, a global array of lowlatitude ice-core records is required (Fig. 1) . When viewed in tandem, these climate records illustrate both regional differences on decadal to centennial timescales and hemispheric and global similarities on millennial timescales. For example, changes in ice-core δ
18
O from the end of the last glacial stage to the Early Holocene, where recorded, are of comparable magnitude (c. 4-6‰) (Thompson et al. 2005) .
A select few ice cores provide records at annual resolution over hundreds of years that reveal magnitudes and rates of abrupt climate change (Thompson et al. 2000 (Thompson et al. , 2013 . When large, infrequent climate events of interhemispheric extent occur it is highly likely that these ice fields record them. In the low latitudes, alpine ice fields exist in fairly stable but sensitive environments where midtropospheric temperatures vary within a relatively narrow range. Since the early 1980s, much effort has been expended to retrieve ice cores from relatively small high-altitude ice caps in the tropics, primarily from regions that are very sensitive to tropical Pacific influences such as the central Andes and the Tibetan Plateau/Himalaya ('Third Pole') region.
The tropics (30°N to 30°S), which cover 50% of Earth's total surface area, are known as Earth's 'heat engine'. Approximately 37% of the world's oceans lie between 20°N and 20°S. Tropical evaporation, driven by warm sea-surface temperatures (SSTs), dominates the water vapour flux into the global atmosphere (Fig. 1a, b ). This vapour flux is one of the primary controls on stable isotopes (δ over the tropical Pacific Ocean is dominated by the interconnected oceanic-atmospheric phenomenon known as the El Niño-Southern Oscillation (ENSO), which involves the interaction between central and eastern equatorial Pacific SSTs and upper and lower atmospheric circulation driven by pressure dipoles (Fig. 1c) . The equatorial ocean warming produced by ENSO is responsible for meteorological phenomena that directly or indirectly affect much of Earth's tropical and extratropical regions and their populations. In fact, ENSO and the Indian Summer Monsoon (ISM) are intricately linked (Walker & Bliss 1932) . Continental precipitation patterns associated with specific El Niño events and monsoon failures are not uniformly consistent; however, strong events are often marked by increased aridity throughout much of the tropics. Major drought events, both ENSO and non-ENSO (Rayner et al. 2003) in tropical and middle latitudes are approximately coincident with (b) reanalysis data of atmospheric precipitable water concentrations (Kalnay et al. 1996) ; highest values of both occur between 30°N and 30°S. Ohio State University ice-core sites are marked in both (a) and (b) as: KIF, Kilimanjaro ice field; NG, Naimona'nyi glacier; GIC, Guliya ice cap; DG, Dasuopu glacier (where the DSC was drilled); PIC, Puruogangri ice cap; DIC, Dunde ice cap; NGIF, New Guinea ice fields; CIC, Coropuna ice cap (where the CCC was drilled); HIC, Huascarán ice cap; QIC, Quelccaya ice cap (where the QSC was drilled); and SIC, Sajama ice cap (where the SSC was drilled). related, are recorded in ice cores recovered from these regions (Thompson et al. 1992 (Thompson et al. , 2000 (Thompson et al. , 2013 .
Here we examine the teleconnections across the tropical Pacific Ocean between the Peruvian/Bolivian Andes and the Himalaya. In particular, two distinct events in the mid-fourteenth century and in the late-eighteenth century, are distinguished by very high concentrations of aerosols contemporaneously preserved in ice cores from these widely separated regions. We explore the linkages between ice-core chemistry and ENSO conditions and the role that enhanced ENSO may have played. A discussion is presented on the categorization of these events as 'black swans', which are unpredictable phenomena with major repercussions that are explainable only after the fact. ). The temporal resolution of the records depends upon the annual rate of snow accumulation (annual net balance, or A n ). The high A n of many of these glaciers allows annual dating using seasonal variations in two or more of these parameters over at least the last c. 250 years. Cores recovered from more arid regions where A n is low and/or current ablation and melting are extreme (e.g. Guliya on the Tibetan Plateau, Kilimanjaro) are not resolvable, or at least not easily resolvable, at annual resolution. Instead, their time series are reconstructed using alternate methods (Thompson et al. 1997 (Thompson et al. , 2002 .
The records
Here we emphasize ice-core-derived climate records from three high-accumulation sites: (1) the Coropuna crater core (CCC) from the summit of the Coropuna ice cap (CIC), location 15°32′ S, 72°39′ W, 6450 m above sea level (m asl); (2) the Quelccaya summit core (QSC) from the Quelccaya ice cap (QIC), location 13°56′ S, 70°50′ W, 5670 m asl in southern Peru; and (3) the Dasuopu summit core (DSC) from the Dasuopu glacier (DG), location 28°23′ N, 85°43′ E, 7200 m asl in the central Himalaya, Tibet (Fig. 1) . The CCC record is annually resolved to the mid-eighteenth century, the DSC record to the mid-fifteenth century and the QSC record yields a climate history at annual resolution over 18 centuries. Constructions of the DSC and QSC timescales are discussed in previous publications (Thompson et al. 2000 (Thompson et al. , 2013 , while construction of the CCC timescale is demonstrated in Figure 2 . Each of these three cores, along with the Sajama summit core (SSC) from the ice cap on Nevado Sajama (SIC), location 18°06′ S, 68°52′ W, 6542 m asl on the Bolivian Altiplano (Thompson et al. 1998) , contains a prominent event in the late eighteenth century characterized by highly elevated concentrations of F − and Cl − (Fig. 3a-d) . Peaks in other ion concentrations and mineral dust occur at this time in the DSC, CCC and SSC; however, they are not observed in the QSC (Table 1) . Although the high F − and Cl − concentrations in the QSC are difficult to explain in the absence of the cations necessary to form salts, they do not appear to be of volcanic origin since no large eruptions are evident at this time in Percentage difference between the event and background greater than 100% are in bold font. *Standard deviations for the backgrounds (BG SD) and percentage differences between each parameter during and around the event are also shown.
the record of tropical Pacific volcanic radiative forcing (Mann et al. 2005) (Fig. 3e ). An earlier event marked by elevated F − and Cl − concentrations begins at c. 1340 CE in the well-dated QSC and tapers off at c. 1395 CE (Fig. 3f ). Although the concentrations are c. 50% lower than in the late eighteenth century peak they are sustained over multiple decades and, like the later event, are not accompanied by increases in other major ions and are not concurrent with major tropical volcanic eruptions (Fig. 3g) . In the DSC, where propagating dating errors allow decadal resolution at best below 1440 CE, the fourteenth-century event is expressed more subtly by small increases in Cl − and mineral dust concentrations. Lack of solid time control below 1750 CE in the CCC and the SSC prevents definitive identification of the earlier event in those records.
Geological and meteorological settings
Glaciers in both the central Himalaya and the central Andes are located in high mountain ranges in close proximity to and downwind of dry, saline areas containing halogen-rich groundwater (Fig. 4) . To the south and west of the Himalaya, the groundwater has unusually high concentrations of F − (>1.5 ppm) from clay-rich soils (Rao & Devadas 2003; Edmunds & Smedley 2013) derived from granitic rocks containing F − -bearing minerals (Fig. 4a ). Sodic soils and groundwater with elevated F − are present in the hard rock areas south of the Ganges Valley and in the arid northwestern part of India (Jacks et al. 2005) . Concentrations that are enhanced by increased evapotranspiration and elevated levels of soilderived F − have been detected in monsoon rains (Satsangi et al. 1998) . Near-surface wind vectors during 12 monsoon seasons in June to August (JJA) since 1950, which are distinguished by high F − and Cl − concentrations in the DSC, demonstrate direct transport of aerosols to Dasuopu. Potential source areas (PSAs) for ions in the DSC can also be inferred by comparing molar ratios of Na + /Cl − in the ice core with those in groundwater and rainwater in northern and western India, respectively, as well as in the water in the major river systems in the Himalaya (Dalai et al. 2002; Hren et al. 2007 ) ( Table 2 ). The ratio in the 1790s event in the DSC is comparable to that in PSAs in rainwater in Andhra Pradesh (Rao & Devadas 2003) and groundwater in Western Uttar Pradesh (Saxena et al. 1996) , both of which are upwind of the DG (Table 2 , Fig. 4a ). Chemical weathering of evaporites in Himalayan river drainage basins are also an important source of calcium (Dalai et al. 2002; Hren et al. 2007) , which occurs at higher concentrations than the other major ions in the DSC (Table 1) .
Across the Pacific Basin, the Peruvian/Bolivian Altiplano is an elevated, arid region with large lakes (e.g. Lake Titicaca (LT)) and desiccated salt flats including the largest, Salar de Uyuni (Rettig (1951, 1952, 1956, 1957, 1958, 1961, 1971, 1978, 1982, 1988, 1992, 1994) . Many correspond to El Niño events. Western Uttar Pradesh (W.U.P.) and Andhra Pradesh (A.P.) are outlined. (b) Map of the Peruvian/Bolivian Altiplano with areas of >0.6 probability for high (>1.5 ppm) groundwater Fl − concentrations (Amini et al. 2008 ) (red shading) and austral summer (DJF) 500 hPa wind vectors (NOAA NCEP CDAS 1) for 13 years in the QSC and CCC with high Fl − and Cl − concentrations (1965/66, 1982/ 83, 1986/87, 1987/88, 1988/89, 1989/90, 1990/91, 1992/93, 1993/94, 1994/95, 1995/96, 1996/97 and 2000/01) . et al. 1980) (Fig. 4b) . Drought preconditions the surface material for atmospheric entrainment. In the austral summer from December to February (DJF) 500 hPa winds circulating anticlockwise pass directly over the salars and the LT region before reaching these Altiplano glaciers. Of the three Altiplano sites, Sajama is located closest to the salars while Quelccaya is furthest. Background concentrations of major ions in the ice cores, along with molar ratios of Na + /Cl − (SSC > CCC > QSC) (Tables 1 &  2) suggest a simple back-trajectory pointing to the salars in this highly arid region as the primary PSA. The molar ratio of Na + /Cl − in the SSC during the late eighteenth century event is the closest to that of the Salar de Coipasa (0.85) (Rettig et al. 1980) , while the background ratios in all four cores are comparable to the salar ratio and the outflow and inflow from Lakes Titicaca and Poopó (Fig. 4b ). Elevation differences (SIC > CIC > QIC) and annual snow accumulation rates (QIC > CIC > SIC) may also have some effect on the relative ionic concentrations.
Glaciers such as Quelccaya are an important water source for LT during dry austral winters. Over 90% of the lake's water loss is due to evaporation (Roche et al. 1992) , and El Niño events are marked by increased aridity in this region. LT discharges into the salars to the south (Fig. 4b ) so lake level decreases would eventually result in desiccation of these highly saline features. Jacks et al. (2005) determined that in India repeated water logging and subsequent evapotranspiration accelerate the development of salinity and sodicity; this may also be the case on the Altiplano.
Concentrations of F
− and Cl − in the CCC and, to a lesser extent in the QSC, rose in the late 1980s and peaked in the early 1990s (Fig. 3b, c) . Extremely arid conditions resulted from the 1987 El Niño and the more persistent El Niños between 1990 and 1995 (Trenberth & Hoar 1997 (Fig. 3a) , which is 22 000 km away (Fig. 1) .
ENSO/monsoon connections
Atmospheric and surface oceanic processes in the tropical Pacific link the climate over the Altiplano with that of the southern Himalaya, and this has been demonstrated by the relationship between δ 18 O in tropical ice cores and equatorial Pacific SSTs (Bradley et al. 2003; Thompson et al. 2011 Thompson et al. , 2013 . Figure 5a -c illustrates the strong similarities O time series of the three cores from 1870 to 2002 CE, calculated by averaging the z-scores of the three records, is significantly correlated (R = +0.65, p < 0.01) with SSTs in the NIÑO3.4 region of the central equatorial Pacific Ocean (5°N to 5°S, 120-170°W; Fig. 5d ). This suggests a strong relationship between the coupled tropical ocean/ atmosphere system and the stable isotope chemistry of tropical precipitation. Viewing these relationships spatially illustrates highly significant correlations, even without time series smoothing, between the icecore δ 18 O composite and SSTs in large areas of the western tropical Atlantic, the Indian Ocean and the eastern tropical Pacific (Fig. 5e) , which normally encompasses the area of higher SSTs anomalies during ENSO events. During an El Niño event there is a high probability for below-normal summer precipitation in many regions of monsoon India and southern Tibet (Fig.  6a ). Under such conditions equatorial Pacific SSTs and the Walker circulation often reorganize and induce drought in South Asia. Normally, the variability of El Niño indicators such as SST indices and the Southern Oscillation Index (SOI) change directly with the all-India summer monsoon rainfall index (AISMRI) (Torrence & Webster 1999) . However, the ENSO-ISM system is highly complex and variable such that drought in India is always associated with monsoon failure, but monsoon failure is not always associated with El Niño (Krishna Kumar et al. 2006) . Their interaction has been characterized as a 'tangled' system (Webster et al. 1998) with no clear dominant component and with each component influencing the behaviour of the other. Their interdependence stems from the SST boundary conditions that are important for the development of both phenomena (Thompson et al. 2011) . On longer timescales, the ENSO and ISM exhibit multi-decadal periods of high and low variance that reflect changes in oceanic and atmospheric processes. Periods of high/low variance in SSTs in El Niño index regions, SOI and the AISMRI occur with stronger/weaker relationships between ENSO and the ISM (Torrence & Webster 1999) .
Across the Pacific Basin, the Altiplano of southern Peru and northern Bolivia also experiences below-normal wet season (DJF) precipitation during El Niño events (Fig. 6b) . On the Altiplano, precipitation is governed by the position of the Bolivian High (BH), which develops from austral summer convection over the Amazon (Lenters & Cook 1997) . During El Niño, decreased precipitation accompanies a weakening and/or northward movement of the BH.
The presence of an ENSO signal in the ice-core data is further tested using spectral analysis of the δ 18 O and halogen concentration time series (Fig.  7a) . The spectral analysis of the ice-core composites reveals significant periodicities amid the typical ENSO 3-7 year spectral band. Spectral analysis was performed for each ice-core record, but the stacked ice-core composites are used here for simplicity as they yielded similar results. The ice-core-derived F − composite reveals multiple significant peaks in the 3-7 year band and the Cl − composite exhibits spectral peaks similar to F − ; however, these peaks are just below 95% significance. For the δ 18 O composite, a solitary significant peak occurs in the c. 3.67 year period. Although variations in the 3-7 year range are often attributed to ENSO, this link is only speculative. To verify the ENSO influence, coherence (or cross-spectra) analysis was also performed for the ice-core composites and the NIÑO3.4 index (Fig. 7b) . The F − composite exhibits two significant peaks in coherence with NIÑO3.4 at c. 6.3 and c. 3.3 years. The Cl − composite shows significant coherence with NIÑO3.4 at c. 4 year (Janowiak & Xie 1999) between El Niño and 'normal' years in (a) South Asia (June, July, August) and (b) eastern tropical South America (December, January, February). Yellow (negative)/blue (positive) contours indicate lower/higher precipitation rates during El Niño years. El Niño years are based on 3-month means of SST anomalies in the NIÑO3.4 region during the respective wet seasons (http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml). For South Asia the years with wet seasons in which the SST anomalies were above 0.5°C are : 1982, 1987, 1991, 1992, 1997, 2002, 2004, 2009 and 2015 . For tropical eastern South America these years are : 1982/83, 1986/87, 1987/88, 1991/92, 1994/95, 1997/98, 2002 
Intertropical convergence zone migration and major drought events over the last millennium
Because of the high resolution and more precise time control in the upper parts of the tropical ice-core records, most of the discussion so far has focused on the late-eighteenth-century dust peak. A similar aerosol peak is manifested by elevated concentrations of F − and Cl − in the mid-fourteenth century in the QSC (Fig. 3f) and also in the DSC by higher Cl − and mineral dust concentrations (Fig. 8a, b) . The earlier DSC event coincides with enriched δ 18 O in speleothem (specifically stalagmite) records from east-central India (Fig. 8c) (Sinha et al. 2011) and NW China (Fig. 8d) (Zhang et al. 2008) . The speleothem δ
18
O values suggest drier conditions in the upwind dust source region which is dominated by the ISM and/or in a region dominated by the SE Asian monsoon (SEAM), or changes in the monsoon moisture source (Pausata et al. 2011; Mahar & Thompson 2012) . Although the late-eighteenth century peak in the DSC is marked by very high concentrations of dust and most major ions (Table 1) , the climatic conditions under which the aerosols were concentrated during these two periods were different. The more recent event occurred after a strengthening of the monsoons at c. 1700 CE (Sachs et al. 2009 ), although the Indian The 90% and 95% significance levels are marked. For these analyses, the mean was removed, the annual ice-core data were linearly detrended, and 10% tapering was applied as these are fairly common pre-treatment methods for data subjected to spectral analysis. A Daniell window of 3 was applied to smooth the sample spectra. The time periods used for the two analyses differ due to the lack of NIÑO3.4 data before 1870 CE. The typical ENSO 3-7 year spectral band is highlighted in grey.
speleothem record shows a brief isotopic enrichment (warmer, drier) from c. 1790 to c. 1820 CE as does the DSC δ 18 O record (Thompson et al. 2000) (Table 1) .
In contrast to the Dasuopu records, both the fourteenth-and eighteenth-century peaks in the QSC are characterized by high concentrations of F − and Cl − (Fig. 8e, f ) , but not by dust or other major ions (Table 1) (Thompson et al. 2013) . They are concurrent with periods characterized by the lowest QSC net accumulation (A n ) values of the last millennium (Fig. 8g) . During the twentieth century Quelccaya's net balance was broadly similar to Lake Titicaca levels (Thompson et al. 2013) , and may therefore reflect large-scale precipitation changes over the Altiplano and the SW Amazon. In fact, proxy records of Lake Titicaca water levels show a minimum between c. 1050 and 1400 CE (Abbott et al. 1997) , consistent with low accumulation in QSC over this period (Fig. 8g) .
If the mid-fourteenth-and late-eighteenthcentury aerosol events in the ice-core records are associated with the coupled ENSO-ISM system, then their uniqueness may arise from the spatially transitory nature of ENSO (Cook et al. 2010 ). This presents two questions: (1) are both events linked to ENSO; and (2) why are they so prominent in the ice cores when other major El Niño-associated droughts and monsoon failures are not? The ice-core records provide some evidence for linkages with El Niño conditions in the tropical Pacific Ocean. The δ
O time series from all four cores contain enriched values during the late-eighteenth-century aerosol peaks (Table 1) . As δ 18 O in CCC, DSC and QSC are generally linked with SSTs in the equatorial Pacific (Figs 5d, e & 7) , the enriched isotopic values associated with the two large aerosol events likely indicate warm phases of the ENSO cycle. However, as the ENSO/ISM linkage can weaken on interdecadal timescales (Torrence & Webster 1999) , another process in addition to ENSO must be involved.
Threshold behaviour in the climate system, with its abundant amplifiers, can produce large changes with minimal forcing (Alley et al. 2003) . Climate conditions which resulted in the late-eighteenthcentury aerosol event in all four ice cores and the mid-fourteenth-century event in the QSC may have been influenced by the migration of the Intertropical Convergence Zone (ITCZ) from the end of the Medieval Climate Anomaly (MCA) in the fourteenth ABRUPT CLIMATE EVENTS AND BLACK SWANScentury through the Little Ice Age (LIA), as recorded in the Cariaco Basin off the coast of Venezuela (Haug et al. 2001) and in island lakes in the equatorial Pacific Ocean (Fig. 8h) (Sachs et al. 2009 ). The Indian and Chinese speleothem records (Fig. 8c, d ) and the QSC A n record (Fig. 8g) show almost oppositely trending century-scale variations over the last millennium. The sudden influx of aerosols to the Himalayan and Andean glaciers may have occurred as the climate system crossed thresholds as conditions on the Altiplano and in south Asia changed with the migrating ITCZ. In the latter half of the fourteenth century, the ITCZ was positioned north of 5°N when the monsoons were more active as shown by depleted δ 18 O speleothem values (Fig. 8c, d ), and QSC A n was low indicating dry conditions on the Altiplano (Fig. 8g) . In the early 1400s CE the ITCZ moved southwards and remained close to the Equator for c. 300 years as the Altiplano became wetter and the monsoons weakened. Around 1700 CE, as the ITCZ moved back towards the north, the monsoons strengthened while Altiplano precipitation decreased (low QSC A n ), reaching its lowest level in the late-eighteenth to early-nineteenth centuries concomitant with the sudden increases in anion concentrations in the QSC (Fig. 8e, f ) and the CCC (Fig. 3b) . The late-eighteenth-century dust event in the DSC occurs with a short-term enrichment (warmer, drier conditions) in the Indian speleothem record (Fig. 8c) and the end of a brief southwards movement of the ITCZ (Fig. 8h) . This might reflect a decade-long period of ENSO activity that occurred as the LIA was ending. This abrupt dry period is also observed in a total inorganic carbon profile from an East Java lake (Rodysill et al. 2013) ; however, the Java record contains no evidence of aridity in the fourteenth century. This may reflect a more northerly position of the southern extent of the ITCZ in the eighteenth century which did not occur earlier, although the Sachs et al. (2009) reconstruction in Figure 8h does not appear to support that interpretation. Another possibility involves a reduction in the eastwards shift of the intensified equatorial convection that characterizes warm episodes (Deser & Wallace 1990) .
The mid-fourteenth-century event occurred just prior to the onset of the LIA (Fig. 8a, b) as the ITCZ moved southwards (Fig. 8h) . QSC δ
18 O values during the mid-fourteenth century are slightly elevated above background, suggesting slightly higher SSTs in the eastern and central tropical Pacific (Thompson et al. 2013) . This has been noticed among many monsoon and ENSO proxy records during the mid-fourteenth to fifteenth centuries (Cook et al. 2010; Sinha et al. 2011) , during which northwards shifts in the position of the monsoon trough may have produced drought in central India. In contrast, a record from Lake Pallcacocha (Ecuador) reveals that an increase in El Niño frequency occurred from c. 1350 to c. 1390 CE (Moy et al. 2002) while more negative coral δ
O from Palmyra Island (6°N, 162°W) (Cobb et al. 2003) during this period could indicate drier conditions.
Abrupt climate events and black swans
Numerous studies have inferred that abrupt climate changes, including those caused by ENSO, have been important factors in epidemics, pandemics, famines and accompanying societal disruptions (McMichael 2012) . The late-eighteenth-century aerosol peak which appears in tropical ice-core records is concurrent with the 'East India Drought', which has the 1791 CE El Niño at its core. Characterized by some as a 'mega-Niño' (Grove 2007) , its effects were experienced throughout the monsoon regions in Asia and especially India, where it resulted in severe famine leading to c. 11 million deaths, with c. 600 000 alone in 1792 CE in the northern Circars of the Madras Presidency according to East India Company records. Historical and geological records show that other regions in the Eastern Hemisphere, such as Egypt and Australia (Grove & Chappell 2000) and Indonesia (Rodysill et al. 2013) , experienced dramatic drought at this time. The consequences of the El Niños of the 1790s CE are also documented to a lesser extent in the Western Hemisphere, with flooding on the normally dry Peruvian coast that affected fishing and agriculture (Grove 2007) , drought in NE Brazil and Mexico that caused crop failures, and arid conditions that extended to the Caribbean and islands in the southern tropical Atlantic (Grove & Chappell 2000) .
Fewer historical records exist from the fourteenth century, particularly in South America, so linkages between El Niño-induced large-scale climate change and societal disruptions are more difficult to establish. In southern Peru, archaeological evidence indicates that unusual ENSO-linked flooding in coastal Peru c. 1350 CE may have been associated with the demise of the Chiribaya Culture (Satterlee 1993) . Sufficient historical records from Europe and Asia exist that detail several significant fourteenth-century disasters, including the 'Black Death' which swept through much of the 'known' world. Roughly 30-60% of affected populations in Asia, India and Europe died from the plague that is believed to have begun in Central Asia, perhaps the Gobi Desert, during the Mongol Yuan Dynasty in the mid-fourteenth century, and was spread by nomadic Mongol horsemen. Unstable climate conditions in China and the Central Asian steppes, including alternating floods and droughts, are hypothesized to have resulted in migration of both human and infected rodent populations (McMichael 2012) . This climatic instability is recorded in the Wanxiang Cave speleothem record (Zhang et al. 2008 ), which shows above-average precipitation from summer monsoons until the early 1330s CE, followed by drought conditions until the end of the fourteenth century (Fig. 8d) . European social and political structures underwent massive reorganization as population decimation ended the cheap, plentiful labour that supported the feudal system. Meanwhile, the unstable fourteenth-century climate may have exacerbated political upheaval in Medieval China. In 1368 CE, in the middle of an extreme drought from c. 1353 to c. 1395 CE (Zhang et al. 2008) , the Chinese Ming Dynasty overthrew the Mongol Yuan Dynasty. The latter was founded by Khublai Khan in 1271 CE during an unusually warm and wet period in Mongolia which began at c. 1211 CE (Pederson et al. 2014) . For most Chinese, 1368 CE is a key historical moment when the indigenous rebel regime expelled the Mongols and re-established their empire (Brook 2010 ).
The fate of glacier archives
The glaciers and ice caps of the Peruvian Andes and the Tibetan Plateau, like the majority of the tropical and mid-latitude, high-altitude cryosphere, are experiencing rapid and accelerating retreat as atmospheric temperatures rise (Bradley et al. 2006; Pepin & Lundquist 2008; You et al. 2008; Qin et al. 2009 ). The retreat of the Quelccaya ice cap is well documented (Thompson et al. 2006 (Thompson et al. , 2013 Hanshaw & Bookhagen 2014) , and the upper sections of the ice cap are experiencing melting and water percolation through the firn which is obliterating the climate record. Radiocarbon dating of plants collected near the margin of Quelccaya, which were exposed during recent ice retreat, suggests that this ice cap is the smallest it has been in the last 6000 years (Thompson et al. 2013) . Other tropical ice fields are in imminent danger of disappearing by the middle of the twenty-first century, most notably Kilimanjaro in eastern Africa (Thompson et al. 2002 (Thompson et al. , 2009 ) and the glaciers near Puncak Jaya in Papua, Indonesia (Thompson et al. 2011) .
As of early 2017 almost one billion people live in the great Asian river basins, including the Ganges, Indus, Brahmaputra and Yangtze. These rivers are of vital importance to regional agriculture, power and aquifers, especially in regions that are less affected by summer monsoons, as they are the sources of meltwater. Across the Third Pole the most extensive glacier shrinkage is occurring in the Himalaya, characterized by the greatest reduction in glacier length, area and mass balance (Bolch et al. 2012; Yao et al. 2012) . In the western Himalaya, the icecore climate record from the Naimona'nyi glacier (NG in Fig. 1) indicates that the ice deposited since the mid-twentieth century has disappeared (Kehrwald et al. 2008) . Although ice loss is an increasing concern in the Himalaya, in areas of the Hindu Kush and the western Pamirs the rate of glacier retreat is generally decreasing due to increasing precipitation (Bolch et al. 2012) . Nevertheless, the global acceleration of ice loss has drastic implications for water resources in some of the most populous areas of the world, and is also contributing to global sealevel rise.
Climate changes projected over the twenty-first century and beyond include greater extremes in, and modified spatial patterns of, temperature and precipitation which will likely disrupt water supplies and agricultural productivity (Stocker et al. 2013 ). While uncertainty remains over how El Niño will change in a warmer world, recent studies suggest the potential for increasing frequencies of extreme events (Cai et al. 2014) and for the associated hydroclimate variability in sensitive regions such as southern Asia (Johnson 2014) . Moreover, the life cycles and transmission of infectious agents affecting human, agriculture and animal systems is inextricably tied to climate and its variability (Altizer et al. 2013) . Today, abrupt large-scale climate events such as those of the mid-fourteenth and late-eighteenth centuries would undoubtedly exacerbate the anticipated impacts of climate warming and result in greater food insecurity, water scarcity, changes in disease transmission, enhanced regional conflicts and population displacement. Recognition that the Earth system has experienced such events in the past under natural but unexpected circumstances, and will undoubtedly experience them in the future with the added complication of anthropogenic contributions, should prompt rapid action to increase the resilience of both human and natural systems upon which all Earth's inhabitants critically depend.
Directions for future research
The reconstruction of decadal-to centennial-scale tropical Pacific Ocean climate variability requires an array of low-latitude proxy records such as alpine ice cores from both the eastern and western sides of the ocean basin. Records from the southern slopes of the Himalaya are particularly valuable as they can provide information on the glaciological, meteorological and climatological processes in a region that is directly impacted by the Indian monsoon and by ENSO. Some of the highest and coldest lowlatitude glaciers are located in Kashmir and in the Himachal Pradesh provinces in the far northwestern reaches of the southern slopes of the Himalaya. Efforts should therefore be made to extract long, high-resolution palaeoclimate records from glaciers in this region. Such an undertaking, both in core retrieval and analysis, must be conducted in a collaborative international framework.
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